Unilateral reference values for Hoffmann's amplitude could be applied to the diagnosis of lumbosacral radiculopathy, especially in patients with bilateral lesions. Here, we assessed Hoffmann's reflex by measuring H-wave amplitude and the ratio of H-wave amplitude to M-wave amplitude (the H/M ratio). We performed a cross-sectional survey of patients from a Taiwan rehabilitation center (n = 64, age 20 -87) who presented with lower back pain that radiated to the leg and received a referral for electrodiagnostic examinations. Reference values for H-wave profile parameters were determined using data from lumbosacral radiculopathy-negative patients (n = 10, age 22 -53), who had normal big toe test results, ankle reflex test results, motor and sensory nerve conductive studies and F-wave latency and who displayed no evidence of radiculopathy in electromyography and imaging studies. The 50 th percentile values for H/M ratio and H-wave amplitude were 28% and 6.25 mV, respectively. An H-wave profile <5 th percentile (H/M ratio <11% or H-wave amplitude <2.5 mV) was significantly related to both electromyography-confirmed current and chronic lumbosacral radiculopathy (n = 64). Approximately 41% of patients with an H-wave profile <5 th percentile showed electromyography-confirmed chronic radiculopathy. Electromyography-confirmed current radiculopathy was observed in 35% of patients with an H/R ratio <11% and 42% of patients with an H-wave amplitude <2.5 mV.
Introduction
The amplitude of Hoffman's reflex (H-reflex) in the soleus-gastronemius complex is a diagnostic criterion with high specificity for patients with lumbosacral radiculopathies [1] . An absent, asymmetric or delayed H-reflex, measured in relation to an individual's height, is considered abnormal [1] . This criterion is difficult to apply in a clinical setting, in which patients vary widely in height and may have bilateral lesions. A unilateral reference for H-reflex amplitude is needed in this context [2] .
Accurate clinical diagnosis is challenging in patients with lower back pain that radiates to the leg. Although a subset of these patients suffers from lumbosacral radiculopathy, differentiating between patients with radiculopathy and patients with other contributing conditions may require a clinical or laboratory test. Lower back pain is reported in 49% -70% of the general population, and sciatica is diagnosed in 2.2% of the general population [3] . Although any patient with lower back pain that radiates to the leg or positive findings upon physical and neurological examination (e.g., ipsilateral or cross straight leg raising test (SLRT) or Lasègue's sign) may be diagnosed with sciatica, these parameters have poor sensitivity and specificity [3] . Therefore, diagnostic tests are needed to confirm the diagnosis of lumbosacral radiculopathy and differentiate other conditions that may cause similar symptoms, such as lumbar instability, myofascial syndrome or piriformis syndrome [4] [5] [6] [7] .
For patients with suspected lumbosacral radiculopathy who report no improvement after conservative treatment, electrodiagnostic studies (EDX) or imaging studies are recommended [3] . However, these studies lack sensitivity and specificity for the diagnosis of lumbosacral radiculopathy [4, 8] . Imaging studies (i.e., magnetic resonance imaging (MRI), computer tomography (CT) and X-ray imaging) are limited when the radiculopathy results from intermittent insult related to posture or chemical irritation [4, 8] . EDX, including nerve conduc-tive studies (NCS) and electromyography (EMG), provide more pathophysiological information, but results vary depending on the chosen diagnostic criteria and the examiner's subjective interpretation [8, 9] . NCS results are relatively more objective than EMG results [1] . The H-reflex has been described as the electrophysiologic equivalent of the Achilles muscle stretch (ankle) reflex [1, 9] . In light of the limitations of current diagnostic tools, the H-reflex has particular value in the diagnosis of lumbosacral radiculopathy [1, 9] . The absence of an Hreflex has high diagnostic specificity for lumbosacral radiculopathy [1, 3] . When an H-reflex is present, asymmetric amplitude and prolonged latency are considered abnormal [1, 2, 10, 11] . However, these criteria are difficult to apply in a clinical setting; the determination of symmetry of the H-reflex is problematic in people with bilateral lesions, and the determination of prolonged latency requires adjustments for the age and height of the patient [8] . Therefore, it is necessary to define a reference for the H-reflex in patients with radiculopathy that can be applied independently of the contralateral side. Previously, only one study defined a unilateral reference for abnormal H-wave amplitude [11] . Moreover, the utility of the ratio of H-wave amplitude to M-wave amplitude (H/M ratio) in diagnosing radiculopathy has not been investigated [8] . We designed this study with 2 aims: 1) to define a unilateral reference for H-wave amplitude in individuals with suspected lumbosacral radiculopathy, and 2) to examine the association between unilateral H-wave parameters and chronic or current lumbosacral radiculopathy, as indicated by EMG.
Methods

Data Collection
This study included patients from a Taiwan rehabilitation center who presented with symptoms suggesting lumbosacral radiculopathy (i.e., lower back pain with or without radiation to the leg, paraesthesia, hypoesthesia or anesthesia in the lumbosacral dermatome, calf or foot muscle wasting, a positive result in the big toe test or a positive SLRT) and received a referral for EDX due to a lack of improvement after at least 2 weeks of conservative treatment (i.e., physical therapy and oral or injectible medication). During the 2012-2013 study period, we collected data from 70 patients, including the results of NCS studies (i.e., tibial motor nerve recording from the abductor hallucis brevis (AHB), sural nerve conduction studies, F-wave latency at the AHB and measurement of the peak-to-peak Mmax-wave (M-wave), peak-to-peak Hmax-wave (H-wave) and H/M ratio in the soleus-gastronemius complex) [2, 12] , EMG studies at two lumbosacral paraspinal muscles and two distal lower limb muscles of the lumbosacral distribution [13] , physical examinations (the ankle reflex test and the big toe test), neurological sensory symptoms (i.e., tingling, burning, or stabbing sensations and hypoesthesia or aesthesia) and previous medical and personal histories. Measurement of all parameters was conducted according to the protocol established by Lee (2004) [12] and by a single physician to ensure reliability. Spinal imaging studies were reviewed to check for the existence of lumbosacral root compression, which is an indicator of lumbosacral radiculopathy. After data collection, we excluded 6 people with abnormal sensory NCS that indicated possible peripheral neuropathy. For our final analysis, we included data from 64 participants (64% male) between the ages of 20 and 87. None of the included patients had a history of myopathy, mental illness, thyroid disease or a central nervous system deficit, but one patient had a history of transient ischemic attack.
Data Analysis
We performed a descriptive analysis of the study population and a statistical analysis of the collected data. We used the STATA 10 software program for all statistical analyses. A linear regression model with logarithmic transformation was used to examine associations between patient characteristics and H/M ratios. Statistics of Kruskal-Wallis and Kendall's Tau examined the association of the characteristics and H-wave amplitude. To determine a reference value for normal H-wave amplitude, we identified a set of lumbosacral radiculopathy-negative patients (n = 10) within the study population. The lumbosacral radiculopathy-negative patients had normal results for the big toe test, the ankle reflex test, motor and sensory NCS and F-wave latency; these patients also showed no sign of current (i.e., presence of positive sharp wave or fibrillation (PSW/fi) in any muscle) or chronic (i.e., presence of polyphasic potential ≥30% of all motor unit potentials at ≥3 muscles) radiculopathy by EMG [1, 13] . The medical histories or image studies of these patients indicated no lumbosacral root compression. We calculated the 5 th , 10 th , 50 th , 90 th and 95 th percentile for M-wave amplitude, H-wave amplitude and H/M ratio for the lumbosacral radiculopathy-negative patients. For subsequent analyses, an abnormal H-wave profile was defined as an H-wave amplitude below the 5 th percentile, an H/M ratio below the 5 th percentile or an H-wave amplitude below the previously established threshold of 1 mV. We then examined the association of abnormal H-wave profiles with current and chronic radiculopathy among patients with normal sensory NCS (n = 64) using the Chi-square test with an alpha level of 0.05. Table 1 shows associations between study population characteristics and measured H/M ratios. The study population was 64% male, with ages between 20 and 87. Nineteen patients had conditions related to peripheral nerve lesions (1 patient had diabetes mellitus, 6 patients had cardiovascular disease, 5 th patients had alcoholism and 14 patients were smokers). Seventy-two percent of the patients had symptoms for more than 3 months. Age, sex, ankle reflex test results, current or chronic radiculopathy indicated by EMG, H-wave amplitude, M-wave amplitude and root compression indicated in medical records were the characteristics associated with H/M ratios. Sensory symptoms, toe strength and acuity were not related to H/M ratios. th percentile (H-wave <2.5 mV). We also evaluated the data using the previously established abnormal H-wave amplitude threshold (H-wave <1 mV). Approximately 41% of patients with an abnormal H-wave profile and 54% of people with an H-wave amplitude <1 mV were diagnosed with chronic radiculopathy by EMG. Thirty-five percent of people with an H/M ratio <11%, 42% of people with an H-wave amplitude <2.5 mV and 39% of people with an H-wave amplitude <1 mV showed current radiculopathy by EMG. An abnormal H-wave profile was significantly associated with both EMG-confirmed current and chronic radiculopathy. 
Results
Table 1. Association of study population characteristics with H/M ratio and H-wave amplitude (n = 64).
Discussion
We used a group of lumbosacral radiculopathy-negative patients to define reference values for H-wave profile parameters. The 50 th percentile for H/M ratio, H-wave amplitude and M-wave amplitude was 28%, 6.25 mV and 22.68 mV, respectively. We then investigated whether abnormal H-wave profiles were associated with a diagnosis of lumbosacral radiculopathy, as indicated by EMG. Abnormal H-wave profiles, defined as H-wave profiles <5
th percentile (i.e., H-wave amplitude <2.5 mV and H/M ratio <11%) or H-wave amplitude below the previously established reference value of 1 mV, were associated with both current and chronic lumbosacral radiculopathy.
Previous studies defined reference values for both H-wave latency and H-wave amplitude. For both parameters, most established reference values are bilateral and pertain to the side-to-side difference. An H-wave latency side-to-side difference >1 ms is considered abnormal [1, 10] . The normal reference value for H-wave amplitude varies among studies. Bilateral H-wave amplitude is expressed as the ratio of the H-wave amplitude of one side to the H-wave amplitude of the contralateral side (the H/H ratio). The lower normal limit for the H/H ratio ranges from 0.4 to 0.67 [2, 10, 11] . In the only study to define a unilateral H-wave amplitude reference, Jankus et al. investigated the H-reflex in normal participants and patients with S1 radiculopathy and defined a unilateral H-wave amplitude <1 mV as abnormal [11] . Ebrahimi et al. (n = 22) reported that the H/M ratio is approximately 24% in healthy patients [14] , which is similar to the findings of this study. However, a unilateral H/M ratio reference value for application in the diagnosis of radiculopathy has not been defined. The significance of H-wave amplitude and H/M ratio may be context-dependent. Compound motor action potential decreases when muscles atrophy due to aging, peripheral neuropathy, myopathy or muscle atrophy [8, 9] . Thus, both the H-reflex amplitude and the M-wave amplitude will decrease upon atrophy of the soleus-gastronemius or the development of a lesion in the efferent pathway of the peripheral nervous system. The M-wave is related to direct activation of all motor neuron pool innervated axons [15] , while the H-wave is related to transmission of sig- nals between Ia fibers and α-motor neurons (mainly slow-twitch motor units) [15] . Therefore, although the H/M ratio is generally considered an index representing the level of reflex excitability of the motor pool [1, 8] , a decreased H/M ratio may instead indicate proximal lesions, such as lesions at Ia afferent fibers proximal to ganglion or conduction blocks at proximal efferent fibers. However, few studies have addressed the application of H-wave amplitude and H/M ratio for the diagnosis of radiculopathy [8] .
Spinal imaging studies and EDX are recommended for the confirmation of suspected radiculopathies, but limitations exist. In patients whose radiculopathy results from chemical irritations or intermittent insults rather than a static compression, root compression may not be observed in imaging studies [7] . Moreover, reports indicate that MRI studies have a high false positive rate, detecting the presence of spinal root compression in 27% of patients with no symptoms [9] . EDX provides more physiological information than imaging studies [8] . The presence of PSW/fi, as indicated by EDX, has 100% specificity for the diagnosis of radiculopathy, but this finding may fade with time or innervation and is therefore difficult to identify in chronic cases with accumulated root insult and reinnervation [8, 9, 16] . Studies of the morphology of motor unit action potential may provide a diagnosis in chronic radiculopathy cases, but the quantitative method for morphology determination is subjective and time consuming [1, 8, 9] . In the context of these limitations, our finding that low H-wave amplitude and low H/M ratios are associated with radiculopathy may provide an objective clinical measurement and a complement for other exams in the diagnosis of both current and chronic radiculopathy [1] . A unilateral H-reflex reference value can also be applied in the diagnosis of patients with suspected bilateral lesions without the need for side-toside measurements [7] .
Our criteria for inclusion of patients in the lumbosacral radiculopathy-negative patients were stricter than those of previous studies. We surveyed H-wave profile parameters in 10 patients who had normal big toe test results, ankle reflex test results, sensory and motor NCS and F-wave latency and showed no evidence of radiculopathy or root compression in EMG and imaging studies. In contrast, other studies rarely mentioned these objective findings when discussing the selection of normal participants. We studied both H-wave amplitude and H/M ratio. We defined an H-wave profile <5th percentile (H/M ratio <11% or H-wave amplitude <2.5 mV) as abnormal. Using these reference values, our study yielded a stricter standard for diagnosing radiculopathy than the previously established H-wave amplitude reference value of <1 mV [11] . This difference may be due to our use of stricter criteria for the identification of lumbosacral radiculopathy-negative patients. Additionally, we excluded patients with abnormal sensory NCS from our analysis, so the confounding diagnosis of peripheral neuropathy was excluded from our study. There were still some limitations to our study. We determined reference values for H-reflex amplitude in patients with lower back pain that radiated to the leg but normal results upon physical examination; although we suggested that myofascial pain or joint degenerative disease may result in similar symptoms [5, 6] , these patients may instead have sensory radiculopathy that cannot be detected by laboratory studies [9] . The sample size of our study was small and may be insufficient to establish valid reference values. We assessed H-wave profile parameters with the conventional clinical protocol [12] , so the standing and dynamic methods were not investigated [15] . Furthermore, the sensitivity and specificity of our unilateral H-reflex reference values for the diagnosis of lumbosacral radiculopathy were not investigated in this study and need to be determined in the future.
Conclusion
This study provides unilateral reference values for identifying abnormal H-wave profiles in patients with suspected lumbosacral radiculopathy. An H-wave profile value below the 5 th percentile is related to electromyography-confirmed lumbosacral radiculopathy.
